Humans are limited in their ability to perform multiple cognitive-motor tasks in parallel. In eight participants, we examined whether transcranial direct current stimulation (tDCS) to dorsal premotor cortex (PMD) could attenuate a delay of reaction time (RT) while the participants responded to two visual stimuli presented in temporally close succession. We provided anodal, cathodal, or sham tDCS while the participants performed a task requiring two choice responses or a control task requiring two fixed responses. When the interval between the two stimuli was shorter, the RTs were delayed in both tasks, but anodal tDCS shortened them only in the former task, probably by promoting the response selection function of PMD. Non-invasive neuro-modulation to the brain can boost human ability to multi-task.
Introduction
Humans are limited in their ability to perform multi-task. When people are presented with two discrete stimuli (S1 and S2) in temporally close succession, and required a fast discrete response for each stimulus, the response to S2 is usually delayed compared with the case where the same stimulus is presented alone [1] [2] [3] [4] . This behavioral phenomenon is called a psychological refractory period (PRP [1] [2] [3] [4] ). The PRP is a representative behavioral phenomenon, which shows computational limitation in human brain processing when people perform multiple cognitive-motor tasks in parallel.
Since early findings, it has been generally accepted that temporal overlapping between the processes for the first reaction (R1) and the second reaction (R2) generates the PRP effect [1, 2, 4, 5] . Thus, when a time lag between S1 and S2 (stimulus onset asynchrony; SOA) is smaller, a robust PRP effect is observed [1, 2, 4, 5] . In addition to the effect of the SOA length, the process that selects an appropriate response from multiple choices (= response selection) in each reaction may also augment the PRP effect [1, 2, [4] [5] [6] . Indeed, when a response selection is required in each reaction [7, 8] , the PRP effect can be also observed in the R1 in addition to the R2.
A recent human neuroimaging study has revealed the neural correlates of the PRP effect. When people performed a PRP task requiring a response selection, greater activity in the dorsal premotor cortex (PMD) was observed in association with the greater PRP effect [9] . This is most probably because the PMD is a key locus for response selection in the primate's brain [10] [11] [12] [13] , and multiple choices in reaction might overload the neuronal processes in the PMD beyond its normal computational limitation. If this view is correct, we may expect that the PRP effect particularly observed under the requirement of response selection in reaction can be attenuated by facilitating neuronal processing in the PMD.
To test this hypothesis, we took an advantage of transcranial direct current stimulation (tDCS). This non-invasive stimulation can modulate neuronal processing in a stimulated cerebral region in a polarity-specific manner [14] [15] [16] [17] [18] . For example, anodal tDCS to the primary motor cortex (M1) is capable of increasing motor cortical excitability by upregulating the membrane potentials of M1 cells, while cathodal tDCS decreases it [14] . Thus, if we extend this principle to other cerebral regions, we may assume that anodal tDCS increases the likelihood that the cells will fire in a stimulated cerebral region, while cathodal tDCS will generate the opposite effects. Based on this assumption, we expected that anodal tDCS to the PMD could promote the neural processing in the PMD, so that the tDCS may facilitate its response selection pro-cess and attenuate the PRP effect.
In the present study, we prepared two PRP tasks; one task required a choice response (response selection) in each reaction (choice-choice task; CC task), and the other required a simple fixed response in each reaction (simple-simple task; SS task). First, we evaluated the degree of PRP effect in the two tasks to confirm a greater PRP effect in the CC task. Second, in the tDCS experiments, we examined whether the PRP effect likely observed in the CC task could be attenuated when we provided anodal tDCS to the PMD while participants performed this task. Through these experiments, we explored the possibility that this non-invasive neuro-modulation technique could boost multi-tasking ability in healthy people.
Materials and Methods

Participants
Eight right-handed, healthy volunteers (seven male and one female; aged 23 -42) participated both in the evaluation of PRP effect and in the tDCS experiments. We examined their handedness using the Oldfield questionnaire [19] . The laterality quotient was 100 in all participants. The Ethical Committee of the National Institute of Communication and Technology (NICT) approved the study, and all participants provided written informed consent. The experiment was carried out according to the princeples and guidelines of the Declaration of Helsinki (1975).
General Task Procedure
The participants were seated in front of a computer monitor (17-inch 1704FP, Dell Inc., Texas, USA; black panel in Figure 1 ) located 50 cm in front of them. A trial started with the presentation of an exclamation mark (!) in the center of the monitor. After this stimulus, various visual stimuli (both distracter and target stimuli) were presented on both right and left sides of a fixation point (+) displayed in the center of the monitor. Through a trial, they were encouraged to gaze at this point to restrict free eye movements (Figure 1) . The distracter stimuli were six different symbols often used in a slot machine (Figure 1) . Each distracter stimulus was randomly presented for 150 ms with an inter-stimulus-interval (ISI) of 150 ms. In the series of distracter presentation, a target stimulus (either a green 7 or red 7) randomly appeared. The participants were instructed that the stimulus presented on the left side of the fixation point was S1, and that on the right side was S2. S1 always preceded S2. The participants had to first react with their right hand to S1 (R1) and then to S2 (R2) as quickly as possible in the following two PRP tasks. One trial was completed when they responded to S2. The inter-trial interval was 6 s. Regarding SOA between S1 and S2, four different conditions (50, 150, 500, or 1000 ms) were prepared in each PRP task, and these were randomized across trials in an experimental block of each task.
In the CC (choice-choice) task, they were asked to make a choice response both in the first and in the second reactions. They had to press the N key on a keyboard with their index finger when the red 7 was presented, whereas they had to press the M key with their middle finger in the case of green 7 (Figure 1) . The same stimulus-response rule was applied for both R1 and R2. Thus, in a trial of this task, response selection was required in each reaction.
In the SS (simple-simple) task, the participants were required to make a simple fixed response to each of S1 and S2; simply pressing the N key with their index finger whenever either the green or red 7 was presented as S1 (R1). Likewise, they simply pressed the M key with their middle finger whenever either stimulus was presented as S2 (R2). Thus, in this task, no response selection was required for each reaction. The total number of key-press on each of M and N key was balanced between the CC and SS tasks. We adopted this stimulus-response rule, because in the pilot experiment we observed a similar PRP effect when we asked the participants to switch the rule, i.e. M key (middle finger) response to S1 and N key (index finger) response to S2.
In both CC and SS tasks, we measured reaction time (RT) for each R1 and R2, i.e. RT1 and RT2 respectively. Each RT was defined as the time from the onset of the target stimulus to the reaction (key-press). Since we presented the same visual stimuli to trigger the finger responses in both PRP tasks, possible RT differences between tasks should be attributed to the differences in the type of reaction assigned to each task, rather than to general effects such as attention to visual stimuli.
Evaluation of PRP Effect
First, we evaluated the degree of PRP effect in each of the CC and SS tasks. The participants performed these tasks on separate days, and thus they completed two experiments. The orders of the CC and SS tasks were randomized across participants. In each experiment, the participants completed two blocks, with a 30-min break between them. Each block contained 100 trials and lasted for 20 min. Before starting each experiment, they practiced 100 trials of the corresponding task. tDCS was applied to the left dorsal premotor cortex (PMD). Current was applied through a saline-soaked pair of surface sponge electrodes (35 cm 2 ), delivered by a battery-driven stimulator (DC-stimulator-Pulse M, neuroConn, Germany) with an output of 1.5 mA. Fade-in and -out times were 5 seconds. The target electrode (either anodal or cathodal) was placed over the left PMD according to the previous tDCS [17] and TMS studies [20, 21] . We defined the PMD as the cortex 2.5 cm anterior to the "hotspot" of the left primary motor cortex (M1), which was identified by a single-pulse transcranial magnetic stimulation (TMS) (Magstim 200, Magstim Company Ltd., Wales, UK) based on the international 10 -20 system. The target electrode was placed over the PMD site in a way that covered its anterior part. Thus, the electrode likely stimulated the PMD and its anterior cortex mainly. The reference electrode was affixed contra-laterally above the orbita. sham stimulation because tingling/itchy sensation accompanied with tDCS was normally faded out within 1 min regardless of its types [22] so that the participants can not notice the termination when the stimulation was terminated after 1 min. This type of experimental maneuver is often used to control placebo effects from tDCS [16, 23, 24] . Real anodal tDCS in the sham-anodal experiment and real cathodal tDCS in the sham-cathodal experiment was applied for 20 min respectively; the stimulation started just before the task was initiated in Block 2 and lasted until the end of the block. We additionally prepared a sham-sham experiment in which we delivered sham tDCS in both blocks. This experiment was included to simply evaluate possible effects of task repetition and/or practice when the participants performed the block of CC tasks twice without receiving any substantial effects from tDCS.
As in the evaluation of PRP effect, each experiment consisted of two blocks (Blocks 1 and 2), with a break (30 min) between them. Each block contained 100 trials and lasted for 20 min. In each experiment, sham tDCS was always given in Block 1, and either real anodal, real cathodal, or sham tDCS was delivered in Block 2 ( Table 1) . Eventually, sham-anodal, sham-cathodal, and sham-sham experiments were performed and each was conducted in a separate day. The order of these experiments was pseudo-randomized across participants without informing them.
To examine the net effect of real anodal or cathodal tDCS, we thought the use of ineffective sham stimulation was essential. Because real tDCS likely includes placebo effects, i.e. participants may expect some effects from the stimulation. To genuinely evaluate the net effect, direct comparison between RT obtained under the influence of real tDCS and that obtained under the influence of sham tDCS within an experiment would be the most appropriThe sham tDCS was a short-period stimulation using either anodal or cathodal tDCS. Use of either stimulation was pseudo-randomized between and within the participants. We started delivering either stimulation just before the task was initiated. However, the stimulation lasted for only 1 min and was terminated without informing the participants during the task. We used this stimulation as ate way. Furthermore, the order of sham and real tDCS in an experiment was also important because behavioral improvement under the influence of sustained tDCS remains even after the cessation of tDCS [25] . Thus, if one wants to evaluate the real tDCS effect by comparing with its control (= sham) within an experiment, a sham tDCS block, where no substantial effects are expected, must come first before a real tDCS block. By these reasons, we prepared three experiments consisting of sham-sham, shamcathodal, and sham-anodal for the CC task.
Finally, since we found that the anodal tDCS to the PMD shortened the RTs in the CC task (see Results), we checked if this shortening was exclusively observed in the CC task. To this end, we conducted an extra experiment in which we provided anodal tDCS while the participants performed the SS task. This was done after the three experiments for the CC task were completed, and the same sham-anodal type of experiment was conducted ( Table 1) . Thus, this experiment was performed as a control for the anodal tDCS effect in the CC task.
After the participants completed all four tDCS experiments (Table 1) , we verbally asked the following two questions to each participant. These questions were: 1) "In the series of experiments, we used two different types of stimuli. Did you notice the difference?" and 2) "During the task, we sometimes terminated the stimulation. Were you aware of this?" All participants reported that they could not distinguish the two types of stimuli and that they were not aware of the stimulus termination. Thus, the present sham stimulation seemed to be an appropriate control, and RT change under the influence of real tDCS compared with that under the influence of sham tDCS can be attributed to the net effect of real tDCS.
Data Analysis
In the analysis for the tDCS experiments, we used the data from the last 70 trials in each block by excluding the first 30 trials. This was done because certain duration of tDCS seems to be necessary to invoke real tDCS effects [14] , so that we could expect that the tDCS effects become robust in the trials after certain period of tDCS. Indeed, when we checked the tDCS effects in the first 30 trials (during 5 min after the initiation of tDCS), no significant tDCS effects emerged (see Results). The analysis using the last 70 trials was also done in the evaluation of PRP effect.
In the evaluation of PRP effect, we first calculated the mean for RT1 and RT2 in each SOA condition of the CC and SS tasks for each participant. In this analysis, we excluded trials where the participants made incorrect responses and also trials with correct responses, which exceeded two standard deviations of the mean of the raw data. Eventually, the individual mean for each SOA condition was calculated from 16 trials on average. Then, we calculated the grand mean across participants. This was conducted for RT1 (Figure 2(a) ) and RT2 (Figure 2(b) ), separately. We also calculated the mean RT difference between RT1 and RT2 in each SOA condition of the CC and SS tasks in each participant, and the grand mean across participants was also calculated (Figure 2(c) ). For statistical evaluation, we performed two-factorial [task (CC or SS; 2) × SOA (50, 150, 500, and 1000 ms; 4)] analysis of variance (ANOVA; repeated measurement; n = 8) for the RT and the RT difference. We used statistical software (PASW Statistics ver. 17.0, SPSS Inc., Illinois, USA). The alpha level was set at 0.05. We reported 2 p η as the estimate of the effect size.
In the evaluation of PRP effect, we observed a robust PRP effect under the 50-ms condition, and this disappeared whenever SOA was longer than 500 ms ( Figure  2(c) ; c.f. [26, 27] ). Thus, in the tDCS analysis, we focused on the data obtained from the 50 ms and 500 ms conditions. First, we calculated the mean RT in each
block of all tDCS conditions for each participant. The 50-ms and 500-ms conditions were separately treated. The individual mean for each condition was calculated from 16 trials on average. These were conducted for the CC and SS tasks respectively. Next, we computed the RT difference between Block 1 and Block 2 for each participant. The difference in RT1 and RT2 was separately computed. Finally, the grand mean across participants was calculated (Figure 3) . To confirm whether the RT shortening in the 50 ms condition of the CC task under the influence of anodal tDCS was significant when compared with the baseline (= 0 ms), one-sample t-test was conducted. We also performed the two-factorial [tDCS type (sham, anodal, or cathodal; 3) × reaction (RT1 or RT2; 2)] ANOVA for the RT difference in the CC task.
Results
Evaluation of PRP Effect
Since the participants practiced the tasks before the experiments, all of them successfully performed both the CC and SS tasks at a high accuracy rate (over 90% on average). RT1 in the CC task became significantly longer than that in the SS task in all SOA conditions [main effect of task: F(1, 7) = 59.2, p < 0.001, We also found that RT1 under the 50-ms and 150-ms conditions became longer than that under the 500-ms and 1000-ms conditions. This was commonly observed in the CC and SS tasks [main effect of SOA: F(3, 21) = 6.3, p = 0.003, 2 p η = 0.47, Figure 2(a) ], though RT1 delay under the 50-ms condition compared with that under the 500-ms condition was longer in the former task (35-ms and 19-ms in the CC and SS tasks, respectively). RT2 in the CC task was also longer than that in the SS task in all SOA conditions (Figure 2(b) ). In both tasks, unlike RT1, RT2 under the 50-ms and 150-ms conditions became much longer than that under the 500-ms and 1000-ms conditions, which was actually shorter than the corresponding RT1 (Figures 2(a) and (b) ). Despite no dif-ference in RT1 between the 50-ms and 150-ms condi-tions (Figure 2(a) ), RT2 in the 50-ms condition became longer than that in the 150-ms condition in both tasks (Figure 2(b) ). This represented the PRP effect normally reported in previous studies (= effect of SOA length; see Introduction). When we computed the RT difference between RT1 and RT2 (Figure 2(c) ), we found that the difference largely depended on the length of SOA. The difference (both degrees of prolongation and shortening) was consistently greater in the CC task than in the SS task in all SOA conditions. The two-way ANOVA for the RT difference revealed a significant interaction between these factors [F(3, 21) = 15.4, p < 0.001, 2 p η = 0.69], meaning that the influence of SOA length on RT2 was marked in the CC task.
tDCS Experiments
Among the three (sham-sham, sham-anodal, and shamcathodal) experiments prepared for the CC task, we found RT shortening only in Block 2 of the sham-anodal experiment (Figure 3) . This RT shortening was consistently observed in all participants. When we analyzed the RT difference between the blocks in this experiment, both RT1 and RT2 in the 50-ms condition became shorter by 60 ms on average in Block 2 (Figure 3(a) ). The shortening of RT1 and RT2 was significant when compared with the baseline (one-sample t-test; df = 7, p < 0.001 and p < 0.002, respectively). Furthermore, the two-way ANOVA revealed a significant main effect of the tDCS type on the RT difference between the blocks [F(2, 14) = 3.94, p < 0.05, 2 p η = 0.36]. Thus, the RT shortening was associated with application of anodal tDCS and could not be attributed to simple effects of task repetition and/or practice, which should have been observed in the sham-sham experiment. When we performed the same analysis using only the first 30 trials, the main effect of tDCS did not reach the significance level (p = 0.17). Thus, the tDCS effect did not seem to be robust in the first 30 trials. Another important finding was that even in the shamanodal experiment, RT shortening was only observed under the 50-ms condition, but not under the 500-ms condition (Figures 3(a) and (b) ). Thus, the anodal tDCS short-ened the RTs specifically under the experimental con-dition in which a robust PRP effect was observed, and this finding refuted the view that the tDCS simply pro-moted neuronal processes to shorten the RTs in general. Finally, even under the 50-ms condition, anodal tDCS did not significantly shorten the RTs in the SS task (Fig-ure 3(a) ).
Viewed collectively, anodal tDCS shortened the RTs under the 50-ms condition where the PRP effect emerged, specifically in the CC tasks in which response selection was required in each consecutive reaction.
Discussion
In the evaluation of PRP effect, we found that both RT1 and RT2 were significantly longer in the CC task than in the SS task in all SOA conditions (Figures 2(a) and (b) ). This means that the response selection required in the CC task needed longer processing time than that for fixed response in the SS task. In addition, both RT1 and RT2 were longer under the 50-ms condition than under the 500-ms condition in both CC and SS tasks (Figures 2(a)  and (b) ). The RT1 was obtained from the first reaction (R1), which was not preceded by any other reaction processes. But under the 50-ms condition, the processes for the R1 and R2 should have overlapped substantially. In this sense, unlike the conventional PRP effect (= marked delay in the RT2) under the 50-ms condition (Figure  2(c) ), the RT1 prolongation should also be considered to be a PRP effect as partially discussed in previous studies [7, 8] . Finally, the RT difference between RT1 and RT2 under the 50-ms condition was greater in the CC task than in the SS task (Figure 2(c) ). Thus, in the evaluation of PRP effect, we confirmed that the PRP effect becomes robust when multiple response selection processes are temporally overlapping, as was typically observed in the 50-ms condition of the CC task.
Anodal tDCS was capable of attenuating the PRP effects (Figure 3(a) ). It is generally accepted that anodal tDCS increases the likelihood that neurons will fire, thereby lowering their threshold to generate action potentials [14] . Under these neuronal states, the neurons will fire in a quite efficient way when inputs reach them [14] . This may lead to facilitation of local neural processing in a stimulated neuronal circuit. Thus, the present anodal tDCS likely facilitated the neural processing of the stimulated cortex, i.e. PMD.
Even though cathodal tDCS might have had potential to generate some effects, this had no impact on RTs in the present study (Figure 3) . This reason remains unclear. However, the finding indicates that the cathodal neuromodulation effect is not a simple reversal of the anodal one, as reported in previous studies [28] [29] [30] . Indeed, a recent study has revealed that when tDCS is applied to the M1, anodal tDCS seems to locally reduce gammaAminobutyric acid (GABA), while cathodal tDCS causes reduced glutamatergic neuronal activity with a highly correlated reduction in GABA [31] . In addition, it is also reported that anodal tDCS to the premotor cortex facilitates corticomotor excitability, whereas cathodal tDCS does not affect the excitability [17] . Further investigations are needed to better understand cathodal tDCS effects. Attenuation of the PRP effects under the influence of anodal tDCS was only observed for the 50-ms condition of the CC task (Figure 3(a) ). Even under the 50-ms condition, anodal tDCS failed to shorten the RTs in the SS task when simple fixed responses were required (Figure  3(a) ). Under the 50-ms condition of the SS task, the same visual stimuli were presented with the same SOA to trigger the finger responses as in the CC task. Thus, it is unlikely that the lopsided RT shortening in the CC task was attributed to general factors such as changes in attentional blinking to the visual stimuli. In addition, the findings rebuffed the view that the tDCS mainly stimulated the M1 so as to simply facilitate the RT regardless of with or without response selection processes. Instead, a plausible interpretation of this finding would be that anodal tDCS to the PMD specifically attenuated the PRP effects, derived from two consecutive choice responses. Since the human PMD seems to be an important brain locus for response selection (see Introduction), the tDCS might benefit this PMD function.
Finally, even in the CC task requiring response selection, anodal tDCS shortened the RT for the 50-ms condition without affecting that for the 500-ms condition. As described, the processes for R1 and R2 should substantially overlap under the 50-ms condition, and this simultaneously forced processing might overload a non-stimulated PMD and generate a significant delay in RT (= PRP effect). Thus, anodal tDCS might reduce this overload by facilitating neuronal processing in the PMD, thereby attenuating the PRP effects under this condition.
In contrast, the two reaction processes were temporally dissociated at a substantial level under the 500-ms condition, which shortened RT2 as compared with RT1, with no assistance from tDCS. Thus, under this condition, the R2 process was already facilitated, presumably owing to some preparatory effect [3, 32] . Therefore, the benefits (= RT shortening) from anodal tDCS were little under this condition.
In conclusion, the PRP effects emerged both in RT1 and in RT2 of the CC and SS tasks when the SOA was smaller, but anodal tDCS attenuated the PRP effects, specifically in the CC task requiring two choice responses. Thus, anodal tDCS to the PMD is capable of facilitating its response selection function, and this benefit may reduce PRP effects, particularly when people perform multiple-choice tasks in temporally close succession. This study raised the possibility that non-invasive neuro-modulation to the brain can boost human ability to multi-task, and demonstrated the usefulness of this technique for better understanding of human cognitivemotor functions and their capacities.
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